Abstract. This paper is aimed at presenting the computational results of the influence of the grounding systems representation in the refunding request analysis of equipment damages due to distribution system disturbances. The assessments include representation of grounding systems with linear and nonlinear parameters to produce a better representation of the overall electrical system at abnormal operating conditions. The model is included in a existing computational programme to deal with the subject of establishing a relationship between system occurrences, dielectric and thermal impacts on equipments and their withstand capabilities. This paper proposed grounding representation is based on a non-linear approach combining method already published in the literature. The methodology is then implemented in a computational tool facility to deal with the mentioned subject and the new software version is then used to evaluate practical situations. Comparisons between results derived from a typical distribution disturbance using simple ground modelling and the new proposition are carried out so as to highlight the importance of a more realistic modelling for the overall electrical complex.
Introduction
The changes occurred on the power system at the last years associated with the population knowledge about its consumer rights as well the rising use of devices more sensible to the power quality deviation [1] reveal that researches about "Refunding Request for Damages" (RRD) have been greatly increasing in the whole world.
Actuality, the occurrence of natural phenomenon and the operation of protection devices may affect several industrial, commercial and residential consumers' equipment [2] . This situation may jeopardize the physical appliance integrity and these concerns are especially true for new technology devices [3] , [4] , [5] . This situation has provoked an appreciable growth of compensation demands for electrical equipment supposedly damaged because of a non-ideal voltage supply from the utility. The question becomes more relevant when one considers the amount of financial resources involved in the matter.
Thus, it is important the development of mechanisms to establish a systematized procedure, based in science and technology, which yields to an impartial decision about the judgments. In this way there are different possibilities to analyse and provide a final report about a given occurrence. One of this consists in using a computational strategy to evaluate the relationship between typical distribution system disturbances and their propagation up to the end consumer. Aiming at accomplishing this goal arises the matter of obtaining a software to simulate a given abnormal operating condition, its impact on consumer equipments so as to provide means to answer the request under analysis. To achieve such tool it becomes necessary to implement computational models that are appropriate to represent the power grids from any busbar until the end user and that is capable of reproducing disturbances and correctly model consumer equipments. This development has been fully described in [6] . This reference points out the final product called by APR software. The computational base utilized is the ATP (Alternative Transients Program) linked to other facilities developed throughout the MODELS routine. Although the advances offered by this product, it is still presented as a tool worthy of further improvements to match the power network and consumer needs.
When establishing the relationship between causes and effects, the ground systems modelling arise as a critical aspect. As a matter of fact, its representation has a great influence on the results. The literature and the experience have shown that some disturbances which would be considered to a wide range of RRD's applications may be associated with currents circulating throughout the grounding systems. Therefore, this can cause potential differences between distinct grounding systems, and also, between neutral point and remote earths. This is the situation that occurs, for example, during the incidence of lightning strikes and asymmetric faults.
Thus, a correct representation of the grounding systems cannot be ignored or treated as elementary models, such as a simple equivalent resistance. The inclusion of such effects must be priority to a strategy, pondering the consistency between simplicity and objectivity, so that the influence of these factors can be properly represented in order to match the simulation results with those from the reality.
In this way, this paper aims to present a summary of existing proposals for grounding systems modelling and a strategy towards the evaluation of the disturbance responses with different models. The studies to be described are associated with a real case of a refunding request for damages Thus this paper involves representations of earth systems with the linear and nonlinear parameters. Besides the evaluation of the existing proposals, this work offers a grounding model derived from the combination of the mains advantages associated to the two nonlinear models found in the literature [7] , [8] and [9] .
Grounding Systems Models
In order to evaluate the performance of grounding systems when they are carrying impulsive and shortcircuit currents, a lot of models of grounding configurations have been developed over the years.
According to [7] , the methods used for the studies of grounding systems, and published in the literature, are mainly characterized by analytical and empirical methods, and also by numerical methods. The latter are widely used nowadays due to advances in computing.
Additionally, according to [8] , representations of the grounding systems can be further divided into types of electrodes with linear or nonlinear parameters, as well as concentrated or distributed. The adoption by using the linear or nonlinear parameters is associated with the current magnitude through the electrode. In general, for the case studies in which occurs the earth ionization it opts for the consideration of non-linear parameters. On the other hand, the selection of concentrated or distributed parameters is linked with the relationship between the frequency drain current and the electrode length. That said, it is evident that models with concentrated parameters are acceptable when the wavelength of the currents that goes through is much greater than the electrode length.
The use of non-linear parameters to represent the behaviour of grounding systems is linked to the fact that, upon the occurrence of phenomena that cause the circulation of a high current through the electrode, the electric field in the areas around it can reach critical levels that can result in partial discharges. This part of the soil corresponds to the ionized zone, and usually confined to areas surrounding the electrode. Therefore, this part of the land is characterized by presenting a conductance higher than own it. The models designed until the present time, under non-linear parameters aim principally the grounding systems analysis carrying impulsive current.
In [9] , the authors developed a dynamic model to represent earth systems through the elements with concentrated parameters for the establishment of impulsive currents in the electrodes. This proposal considers situations, which high currents result in paths of soil breakdown and on its surface. Also according to this study, it was noted the formation of discharges from the point of incidence of the current pulse. This model, which is characterized by its nonlinearity intrinsic to the behaviour of earth resistance, constitutes itself as the basis for the studies highlighted in this paper in order to represent the effects coupled with the soil ionization.
Following are presented the aspects concerning the representation of grounding systems employing nonlinear parameters.
Computational Implementation Through ATP
Making use of mathematical equations described in [9] , the computational implementation was conducted in the simulator ATP used to represent the grounding systems through non-linear parameters, using for this, the programming language MODELS. It is noteworthy that a change was made in the area of equipotential surface formed around the electrode, which means considering, instead of a simply hemispherical surface, an area equivalent to the sum of two surfaces: a hemispherical and another cylindrical, aiming to characterize the geometry of a ground rod. This characteristic is described in [10] . The resulting geometry of equipotential surfaces and soil regions considered for the characterization of the model are illustrated in Fig. 1 . This model describes the variation of soil resistivity, , when subjected to impulsive currents through an exponential behaviour. Additionally, the grounding resistance, taking into account an electrode with length l, is calculated on the basis of differential surface with length "dr" (Fig. 1 ). The expression (1) is used for this purpose. Further details on the procedures of calculations used to characterize the model can be found in [11] .
(1)
To evaluate the computational results, researches employing the experimental information contained in [9] were then used.
A. Experimental Results
To obtain the experimental results, the authors used a ground rod and soil characteristics presented in Table I . The imposition of a current signal, coming from the application of a voltage across a LC series arrangement, it was obtained the results for the voltage and current shown in Fig. 2 . This current and voltage are derived from measurements. Fig. 3 describes the resistance variation of grounding system as function of current. 
B. Computational Results
The computational reproduction of a current signal similar to that shown experimentally was possible from using the "Pointlist" function, provided by the MODELS of ATP. This function allows the input of a waveform and its application in this case, especially in resistance with a nonlinear behaviour.
After implementation and parameterization of the model and, once inserted the change already noted earlier, Fig. 4 shows the waveforms of voltage and current in the electrode obtained by simulation. Additionally, Fig. 5 shows the computational behaviour of nonlinear resistance of grounding system. From the above it follows that the voltage waveform presented a pattern similar to the experimental result, except the small percentage difference noted in maximum voltage. Table II summarizes previous results and allows an early preview of the modeling performance on the ATP platform. 
Model Application for a Real Case of Refunding Request for Damages
To evaluate the influence of modelling grounding systems in the computer analysis of RRD, information of the requests, procedures and final decisions were obtained from some electric utilities. Among a large set of real cases, was selected a case of refunding request for damage at a microcomputer due to lightning strike. This phenomenon resulted in a operation of automatic circuit recloser in one feeder of the substation that serves the region, where the consumer takes place. Figure 6 shows the diagram system evaluated in APR. An important point that must be clarified concerns the bus system. The bars represent the five "nodes", which are: phases A, B, C, neutral and ground connection point. At the end of the diagram notes the presence of a representative icon of the consumer's residence, where is the equipment under analysis. According to information from consumers, the microcomputer was powered at 127 V, i.e, between phase and neutral, according power supply configuration.
All components of the distribution system were parameterized inside the typical models library provided by ATP simulator, with some special features added for the desired applications, such as the microcomputer. The details and validation about this procedure can be found in [12] .
The lightning strike parameters applied to the analysed system were fitted to the current waveform standard with 8/20μs. It was adopted the incidence of 10KA value over The distribution network grounding systems are divided into two groups: one represents the substation grounding grid and the other the surge arresters grounding electrodes (rods), neutral and consumer unit protective conductor. The substation grounding grid is set by an equivalent resistance of 0.6 Ω. For the grounding rods placed in the distribution network, it was used typical parameters based on electrode with 3 meters length and 5/8 inch diameter. The soil characterization around these rods, was setup with resistivity of 100 Ω•m. Fig. 6 . Analyzed System.
In order to expose clearly the results, they were divided into the following parts, according to the grounding systems representation used:  Case 1: Linear model (constant resistance) for grounding systems;  Case 2: Non-linear model (variable resistor) to ground systems, as described previously;
After configuration, parameterization and electrical system simulation with the characteristics of the occurrence causing the refunding request for damages, the results are shown in sequence.
A. Case 1: Linear model for grounding systems
Figs. 7 and 8 show respectively the voltage and current waveforms in the consumer unit where is connected the microcomputer under disturbance. The voltage waveforms illustrated in figure are computed for a remote reference. The peak voltage between phase and neutral was approximately 20 kV. The maximum value displayed for the current during the transient was approximately 80A. To convert the results observed in the equipment input by indicative curves of the voltage and current solicitation, it was used a computational procedure for calculating, which discretize the disturbance period and calculate, for each instant, indicators that represent the voltage and current cumulative effect. These indicators are calculated by the expressions (1) and (2), which correspond respectively to voltage and current solicitation. More information about this calculation method can be found in [13] .
Where: These expressions allow phase-neutral voltage and current conversion at the equipment input expressed in thermal and dielectric stresses curves. These one, as compared to their respective withstand capability levels, offers guidelines for a technical opinion the probably equipment damage connected to the feeder where the phenomenon occurred.
Using this methodology in comparison with the microcomputer withstand capability limits found in [3] [4], [14] , the Figs. 9 and 10 are obtained. At can be seen if the phenomenon occurred in the network leads to a stress under the corresponding withstand capability curve, then an operating condition without the probabilistic damage risk could be occurred. However, if the disturbance has generated stresses higher than the withstand capability, it would be an indicator for the possibility of damage to the product under investigation, thus justifying the refund for damage. The results are clearly enough to highlight that the applied impulse will not be tolerated by the equipment. This violation occurred for the dielectric withstand capability. The figures also show that the thermal limit has not been reached. Figs. 11 and 12 show respectively the voltage and current waveforms for the same feeder previously submitted to the lightning strike. The phase-to-neutral voltage peak in this situation was 14.7 kV, lower than that mentioned in the previous situation. Consequently, the maximum current during the transient reached a lower value of approximately 55 A. Comparing Fig. 11 to Fig. 7 it's clear that the ground ionization causes attenuation in the voltage propagated to the consumer unit. This fact is associated with the earth resistance reduction caused by the phenomenon previously mentioned. This result demonstrates the importance of taking into account this effect in the refunding requests analysis.
B. Case 2: Non-linear model for grounding systems
The thermal and dielectric stresses imposed to the equipment and their respectively withstand capability curves are represented in Figs. 13 and 14 . Again, the applied impulse will not be tolerated by the equipment. This violation occurred for the dielectric withstand capability. However, it must be highlighted that the values found for the voltage were lower. Therefore, the grounding representation has to be taking into account to reach better results. The figures also show that the thermal limit has not been reached.
Conclusions
This work has been involved with investigations associated with the earth systems modelling and its influence on the final reports about equipment damage refunding analysis. It has been shown that at lightning strike occurrence, this may result in the formation of soil regions that produce lower resistivity lower due to the ionization phenomenon around the grounding electrodes. If this condition occurs, the grounding representation by linear model, although its simplicity, indicates great disadvantages and strong effects on the final voltage and current results. Moreover, the model that includes nonlinear parameters, allowing the inclusion of the previous phenomena, is linked with equations, information and complex parameters that are quite difficult to be obtained. This has motivated the idea of a ground representation here proposed. The advantages of this is given by a combination of a good response to disturbances and the need for more simple data.
It has been demonstrated that the use of a more appropriate representations has produced significant reductions in the voltage and current levels at the equipment input. This fact is relevant to the analysis process because it can mitigate transient overvoltage and overcurrent. The investigations have revealed that a given disturbance with linear ground representation may justify a claimed equipment damage and that, by simple changing of the grounding modelling, the same disturbance would not be able to produce the same effect.
